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Neuronal activity regulates the transcription of a large set of genes, many of which encode proteins that
modify synaptic function. In this issue of Neuron, Hong et al. selectively impair activity-dependent Bdnf tran-
scription and demonstrate that this process is required for inhibitory synapse development.It has been more than 20 years since
the first reports of synaptic activity-de-
pendent transcription in neuronal cells
(Greenberg et al., 1986; Morgan and Cur-
ran, 1986). In the intervening years, a sub-
stantial body of work has documented
the association of regulated transcription
with plasticity-inducing stimuli, described
the crucial and selective role of calcium
signaling pathways in neuronal tran-
scriptional regulation, identified activity-
regulated transcription factors, and cata-
loged the list of activity-regulated genes
(Qiu and Ghosh, 2008).
A key idea to emerge from these stud-
ies is that a large subset of neuronal ac-
tivity-regulated genes encodes products
that either function directly at synapses
or regulate synaptic function at a distance
(Greer and Greenberg, 2008). Since tran-
scription can by regulated by synaptic
activity and altered expression of synap-
tic proteins can change synaptic func-
tion, it is reasonable to assume that
activity-regulated transcription plays an
important role in synaptic development
and synaptic plasticity. Yet it has proven
challenging to provide direct experimen-
tal evidence to support this hypothesis
in vivo. Knocking out an activity-regu-
lated gene can demonstrate that its prod-
uct contributes to synapse development
or function, but the temporal relationship
of this action to synaptic activity is lost.
Similarly, knocking out a transcription
factor can demonstrate the contribution
of that factor to the program of activity-
regulated gene transcription, but as any
single transcription factor contributes to
the regulation of a large set of genes
with a broad range of functions, it is
difficult to draw a direct connection be-
tween transcription factor knockout phe-notypes and the regulation of synaptic
gene products.
Mechanisms of Activity-Dependent
Bdnf Transcription
To address this gap in knowledge, Hong
et al. (2008) (this issue of Neuron) engi-
neered a series of knockin mice with the
goal of selectively impairing activity-de-
pendent transcription of Brain-derived
neurotrophic factor (Bdnf). Transcription
of BdnfmRNA is robustly induced by neu-
ronal activity in a manner that is highly
correlated with synaptic development
and plasticity, while BDNF protein has nu-
merous effects on synapses during devel-
opment and in adult animals, where it is
capable of modulating both functional
and morphological aspects of excitatory
and inhibitory synapses (Lu, 2003).
Transcriptional regulation of the nine
exon Bdnf gene is complex; transcription
can be initiated by at least eight pro-
moters, each of which is regulated in a
developmental, tissue-specific, and activ-
ity-dependent manner (Aid et al., 2007).
Regardless of the site of initiation, the first
transcribed exon is spliced to form a bi-
partite mRNA with exon IX which contains
the completeBdnf coding sequence. That
all Bdnf mRNAs encode the same protein
suggests the complexity of the Bdnf gene
primarily serves a regulatory role. Pro-
moter IV of Bdnf has been particularly
well studied both because it is highly
and selectively induced by neuronal cal-
cium signaling and because it is activated
in paradigms of both developmental and
adult synaptic plasticity. Through a series
of promoter mutagenesis studies, three
separate calcium-response elements
(CaREs) have been mapped in Bdnf pro-
moter IV. These elements are bound byNeuron 60,at least four families of activity-regulated
transcription factors (CREB, USF, CaRF,
and MEF2) which selectively transduce
the activation of calcium signaling path-
ways into the initiation of Bdnf exon IV
transcription (Greer and Greenberg,
2008).
In order to disrupt the activity-depen-
dent component of Bdnf transcription
in vivo, Hong et al. (2008) knocked a series
of mutations into Bdnf promoter IV. In the
first mouse line (TMKI) all three of the
CaREs were mutated to sequences that
block both CaRE activity and binding of
the relevant transcription factors in vitro.
In a second line (CREmKI), the authors
mutated only one CaRE (CaRE3/CRE) in
order to specifically uncouple Bdnf tran-
scription from regulation by the activity-
dependent transcription factor CREB. In
a third line, all transcription fromBdnf pro-
moter IV was eliminated by deletion of
about 440 bp encompassing the CaRE-
containing region of promoter IV and
most of exon IV. Finally, because knock-
ing in these mutations required the au-
thors to leave behind a loxP site in the in-
tron following exon VII, the authors made
a negative control line that contains the
loxP site but has the wild-type sequence
of promoter IV (Figure 1).
Promoter IV CaREsAreRequired for
Activity-Dependent Transcription
In Vivo
To assess the effects of promoter IV mu-
tations on endogenous Bdnf transcrip-
tion, Hong et al. (2008) used quantitative
PCR to measure levels of Bdnf mRNA
transcripts in knockin neurons. For both
the TMKI and CREmKI lines, activity-de-
pendent induction of Bdnf exon IV was
severely impaired whether transcriptionNovember 26, 2008 ª2008 Elsevier Inc. 523
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depolarization of culturedem-
bryonic cortical neurons, by
NMDA receptor activation in
culture, or by sensory activity
in vivo, validating that CaRE-
dependent mechanisms of
transcription are essential for
activity-dependent regulation
of this promoter in its native
context. Importantly, muta-
tion of the CaRE3/CRE bind-
ing site alone in the CREmKI
line had no effect on basal ex-
pression levels of Bdnf exon
IV mRNA as measured in the
visual cortex of dark-adapted
mice, indicating that animals
in this line have selectively
lost only the activity-inducible
component of Bdnf exon IV
mRNA expression.
Whereas Bdnf knockout
animals show significant neu-
rological deficits and die
within the first few postnatal
weeks (Huang and Reichardt,
2001), the CREmKI knockin
animals are fully viable, sug-
gesting that a significant pro-
portion of BDNF signaling remains intact.
Consistent with the evidence that Bdnf
promoter IV is relatively more active than
other Bdnf promoters during develop-
ment, activity-induced levels of total
Bdnf mRNA reach only 30%–40% of
wild-type levels in embryonic cultures of
TMKI and CREmKI neurons, while they
rise to nearly 50% of wild-type levels fol-
lowing synaptic activation in adult visual
cortex (Hong et al., 2008). Nonetheless,
this partial impairment in Bdnf mRNA in-
duction is functionally significant because
CREmKI mice show a 50% reduction in
the level of BDNF protein expressed in
visual cortex following light stimulation.
Taken together, these data suggest that
the CREmKI mice offer a unique opportu-
nity to study thebiological effects of a sub-
tle, temporally-restricted reduction in the
induced levels of BDNF following neuro-
nal activity in vivo.
Functions of Activity-Dependent
Bdnf Transcription
Analyses of knockout mice have revealed
that BDNF is required for sensory neuron
survival, cerebellar patterning, axonal tar-
get finding, inhibitory interneuron mat-
uration, maintenance of cortical dendrites,
hippocampal plasticity, and prevention of
age-related striatal degeneration (Huang
and Reichardt, 2001). Although exoge-
nous application of BDNF can modulate
the number and function of both excitatory
and inhibitory synapses, loss-of-function
experiments have indicated that endoge-
nous BDNF is particularly important for
GABAergic synapsedevelopment (Kohara
et al., 2007) and structural plasticity (Gen-
oud et al., 2004). These findings have long
suggested the intriguing hypothesis that
a key function of activity-dependent BDNF
expression may be to mediate homeo-
static plasticity by altering the balance be-
tween excitation and inhibition in cortical
networks.
If the activity-dependent component of
BDNF is the key regulator of inhibitory
synapses, then the selective deficit of in-
duced Bdnf levels found in the CREmKI
mouse should be sufficient to cause
significant changes in the number of
GABAergic synapses in these mice. In-
deed, inhibitory synapse density is re-
duced in dissociated cultures of CREmKI
neurons, while excitatory syn-
apse density remains un-
changed (Hong et al., 2008).
A selective reduction in
GABAergic synapse number
was also detected in vivo
both by immunostaining and
by recording inhibitory cur-
rents in acute slices of visual
cortex from CREmKI mice.
An interesting consequence
of this reduction in inhibition
is that synaptic activity-de-
pendent induction of immedi-
ate-early genes is actually en-
hanced in the CREmKI mice.
Thus, the data in the current
paper provide strong new
evidence that both CREB
and BDNF contribute to ho-
meostatic cortical network
adaptations by inducing an
activity-dependent increase
in GABAergic synapses.
What are the neurological
consequences of altering
BDNF-dependent regulation
of GABAergic synapses in
the cortex? At first glance,
the effects appear to be quite
subtle. CREmKI mice have normal-look-
ing brains, and they are grossly behavior-
ally indistinguishable from control loxP
littermates (Hong et al., 2008). Yet small
changes in circuit plasticity can have sig-
nificant effects on complex behaviors.
Quantitative alterations in the balance be-
tween cortical excitation and inhibition
have been hypothesized to contribute to
a number of neuropsychiatric diseases
including Rett syndrome, schizophrenia,
and autism (Dani et al., 2005; Lisman
et al., 2008; Rubenstein and Merzenich,
2003). Future studies that examine
cognitive and social behaviors in the
CREmKI mice may yield new insights in
this direction.
Chromatin and Transcriptional
Regulation of Bdnf Promoter IV
Transcription studies, including those that
led to the successful identification of the
Bdnf promoter IV CaREs, often rely on
the evaluation of plasmid reporter genes
that may contain no more than a few hun-
dred base pairs derived from a gene pro-
moter. Though this is a highly efficient way
to identify essential regulatory elements, it
Figure 1. Schematic for the Role of Activity-Dependent Bdnf
Transcription in the Regulation of GABAergic Synapses
(1) Excitatory synaptic activity (Glu) leads to the activation of intracellular cal-
cium signaling cascades. (2) In the nucleus, calcium-activated kinases phos-
phorylate CREB and modulate additional transcriptional regulators bound to
three calcium-response elements (CaREs) in the proximal region of Bdnf pro-
moter IV. (3) Transcription of Bdnf exon IV is initiated, and newly synthesized
BDNF protein is translated and packaged for secretion. (4) Secreted BDNF in-
creases the number of GABAergic synapses.524 Neuron 60, November 26, 2008 ª2008 Elsevier Inc.
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quences from their natural genomic
neighborhood may actually underesti-
mate the contribution of these elements
to gene regulation. This is because chro-
mosomal DNA and its associated histone
proteins are organized into a complex
structure called chromatin that serves to
restrict the accessibility of different genes
to the transcriptional machinery, mas-
sively enhancing the extent to which
they can be regulated (Bird and Wolffe,
1999). Thus, whereas a regulatory ele-
ment that contributes to the recruitment
of RNA polymerase II might confer 5-fold
induction upon the naked DNA of a re-
porter plasmid, if the same regulatory ele-
ment has an additional effect upon the
chromatin structure of a native gene,
in vivo activation of transcription through
this element could induce the target
gene over 100-fold (Bird and Wolffe,
1999; Tao et al., 2002).
Previous studies showed that mutation
of any one of the three CaREs in Bdnf pro-
moter IV blocks calcium-dependent in-
duction of a reporter gene, suggesting
that the CaRE-binding proteins may func-
tion through a cooperative mechanism to
induce transcription (Greer and Green-
berg, 2008). Consistent with this model,
Hong et al. (2008) find that mutation of
the CaRE3/CRE alone in the CREmKI
line inhibits activity-dependent Bdnf
exon IV transcription to the same degree
as seen in the triple CaRE mutant TMKI
line. To investigate the nature of this co-
operativity, the authors performed chro-
matin immunoprecipitation to evaluate
the binding of transcriptional regulators
to endogenous Bdnf promoter IV. Not
surprisingly, they detect binding of CREB
to the wild-type promoter and loss of
CREB binding in the CREmKI mice, vali-
dating Bdnf promoter IV as a true target
of CREB regulation in vivo. However, theauthors also find reduced association of
the CaRE1-binding protein MEF2D in
CREmKI mice.
Could the cooperative action of the
CaREs be a consequence of local chro-
matin modifications? Potentially, since
the authors find association of Bdnf pro-
moter IV with the histone acetylase CBP
in control but not CREmKI neurons
(Hong et al., 2008). Alternatively, CREB
or a CREB-associated protein may act
primarily as a scaffold to recruit a preinitia-
tion complex including the basal tran-
scription machinery onto Bdnf promoter
IV prior to synaptic activity in order to fa-
cilitate very rapid initiation of Bdnf exon
IV transcription upon calcium signaling.
In this regard, it is significant the authors
find a CaRE3/CRE-dependent associa-
tion of the preinitiation complex-associ-
ated hypophosphorylated form of RNA
polymerase II with Bdnf promoter IV.
Whether this means that neuronal activity
induces Bdnf promoter IV primarily by
acting at the step of transcriptional initia-
tion rather than through chromatin modifi-
cations, and what CREB-and activity-
independent mechanisms account for
basal Bdnf exon IV transcription under
conditions of low synaptic activity, remain
enticing questions for future studies.
Conclusions
The field of neuronal activity-regulated
transcription is entering an exciting new
phase. Two decades of thorough molecu-
lar studies have identified many of the es-
sential mechanisms of this process. Com-
bining this knowledge with sophisticated
genetics now allows for the creation of
mouse models in which the functional im-
portance of transcriptional regulation can
be evaluated in the intact brain. The cur-
rent paper (Hong et al., 2008) provides
the first definitive evidence that activity-
dependent transcription of Bdnf is re-Neuron 60,quired for network-level adaptations in
cortical circuits. Future studies that ad-
dress similar roles for other activity-regu-
lated gene products, along with those
that evaluate the differential use of these
pathways by interconnected neurons
within local neural circuits, will add a new
dimension to our understanding of the
mechanisms of persistent activity-regu-
lated neural adaptations.
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